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Abstract 
In the Southern French Massif Central, the Late Paleozoic sedimentary sequences of the 
Montagne Noire area provide clues to decipher the successive tectonic events that occurred during the 
evolution of the Variscan belt. Previous sedimentological studies already demonstrated that the 
siliciclastic deposits were supplied from the northern part of the Massif Central. In this study, detrital 
zircon provenance analysis has been investigated in Early Devonian (Lochkovian) conglomerate and 
sandstone, and in Carboniferous (Visean to Early Serpukhovian) sandstone from the recumbent folds 
and the foreland basin of the Variscan Southern Massif Central in Montagne Noire. The zircon grains 
from all of the samples yielded U-Pb age spectra ranging from Neoarchean to Late Paleozoic with 
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
 
2 
several age population peaks at 2700 Ma, 2000 Ma, 980 Ma, 750 Ma, 620 Ma, 590 Ma, 560 Ma, 480 
Ma, 450 Ma, and 350 Ma. The dominant age populations concentrate on the Neoproterozoic and 
Paleozoic. The dominant concordant detrital zircon age populations in the Lochkovian samples, the 
480-445 Ma with a statistical peak around 450 Ma, are interpreted as reflecting the rifting event that 
separated several continental stripes, such as Armorica, Mid-German Crystalline Rise, and Avalonia 
from the northern part of Gondwana. However, Ediacaran and Cambrian secondary peaks are also 
observed. The detrital zircons with ages at 352-340 Ma, with a statistical peak around 350 Ma, came 
from the Early Carboniferous volcanic and plutonic rocks similar to those exposed in the NE part of 
the French Massif Central. Moreover, some Precambrian grains recorded a more complex itinerary 
and may have experienced a multi-recycling history: the Archean and Proterozoic grains been firstly 
deposited in Cambrian or Ordovician terrigenous rocks, and secondly re-sedimented in Devonian 
and/or Carboniferous formations. Another possibility is that ancient grains would be inherited grains, 
scavenged from an underlying but not exposed Precambrian basement. 
 
Keywords: Detrital zircon provenance analysis; Foreland basin; Fold-and-Thrust belt; Variscan 
Belt; Montagne Noire  
 
1. Introduction 
Sedimentological and provenance studies of the terrigenous detritus found in the foreland basins 
are used since a long time to analyze the geomorphologic and tectonic evolution of orogens, 
particularly the uplift and erosion of the inner zones of mountain belts. More recently, age distribution 
probability of detrital zircon enclosed in terrigeneous unmetamorphosed or low-grade 
metasedimentary rocks became a popular method to infer the possible source area of the sediments 
(e.g. Dickinson and Gerhels, 2009; Fedo et al., 2003). This approach has been applied all along the 
Paleozoic Variscan belt from Iberia to Turkey, through Central Europe (e.g. Fernández-Suárez et al., 
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2002, 2003; Martínez Catalán  et al., 2004, 2008, 2016; Linnemann et al., 2004; Okay et al., 2011; 
Dinis et al., 2012). Nevertheless, such inherited detrital zircon provenance analyses are rare in the 
French Variscan Belt. Studies are limited to the Southern Massif Armoricain (Ducassou et al., 2014) 
or Massif Central (Melleton et al., 2010). This last work dealt with magmatic and metamorphic rocks: 
7 orthogneiss, one metarhyolite, and 6 paragneiss sampled in the western part (Limousin area) of the 
French Massif Central. Only one Cambrian metasandstone was investigated. Provenance studies from 
detrital zircon have never been carried out in the southern foreland basin that crops out in the southern 
part of the French Massif Central. This study focuses on the detrital zircon age distribution of the Late 
Visean-Early Serpukhovian turbiditic sandstone, and also on Early Devonian (Lochkovian) detrital 
rocks that unconformably overlie the Ordovician sandstone involved in the recumbent folds of the 
southern flank of the Montagne Noire (Fig. 1). The significance of the statistical distribution of zircon 
ages for the tectonic evolution of the French Massif Central is discussed.  
  
2. The Variscan French Massif Central 
The Variscan orogen is a complex belt built up by multiple collisions of continents and 
microcontinents that develops from SW Iberia to Poland over ca 5000 km along strike and 1000 km in 
width. A general zonation, and several geodynamic evolution models have been proposed (e.g. Matte, 
1986, 2001; Cocks, 2000; Franke, 2000, 2014; Martínez Catalán  et al., 2009; Faure et al., 2005, 2009; 
Ballèvre et al., 2009; Schulmann et al., 2009; Lardeaux et al., 2014).  
 The French Massif Central (FMC; Fig. 1) is one of the largest Variscan massifs. It consists of 
a stack of nappes developed at the expense of sedimentary and magmatic rocks belonging to the 
southern margin of Gondwana (e.g. Faure et al., 2009 and enclosed references). From top to bottom, 
and globally from North to South, the following units are recognized. The Upper Gneiss Unit (UGU) 
is formed by a bimodal magmatic association (termed the "leptynite-amphibolite complex") with 
acidic and mafic rocks, and paragneiss. This unit contains high-pressure rocks (eclogites and 
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granulites) dated at ca 420-400 Ma (Pin and Peucat, 1986). The upper part of the UGU consists of 
migmatites yielding zircon U-Pb ages around 385-380 Ma. The Lower Gneiss Unit (LGU) is 
composed of metagreywacke, metapelite, metarhyolite, and a small amount of mafic rocks, 
metamorphosed into amphibolites. Cambrian and Ordovician alkaline porphyritic granites, now 
transformed into augen orthogneiss, intruded the sedimentary-volcanic series. Like the UGU, the LGU 
experienced a Late Devonian crustal melting dated around 375-370 Ma. The Para-autochthonous Unit 
consists of a metapelite-metagreywacke series with rare mafic lava, and intruded by rare orthogneiss. 
Zircon from the magmatic rocks indicates Ordovician ages. The southernmost part of the FMC 
contains clastic sediments of Late Viséan to Serpukhovian age, which were incorporated into the 
grossly southward propagating fold and thrust belt. The southern foreland basin consists of a Middle 
Visean basin. Since the last two units are well developed in the Montagne Noire that constitutes the 
topic of this paper, stratigraphic and structural details will be provided in the following section. 
 Other lithotectonic and magmatic units of the FMC are exposed in limited areas. Devonian 
rocks crop out in the NE part (Montagne Bourbonnaise and Morvan area, Fig. 1). The Brévenne 
ophiolitic Unit, exposed west of Lyon, consists of mafic rocks (gabbro, diabase, pillow lava, and 
volcano-clastites), serpentinites, and siliceous sedimentary rocks (e.g. Pin and Paquette, 1998; Leloix 
et al., 1999). To the North, the Somme series consists of acidic to intermediate volcanic rocks (lava 
flows, pyroclastites) interlayered with sandstones, grauwackes, conglomerates and limestones 
(Delfour, 1989; Schneider et al., 1989). The Somme series and Brévenne ophiolites are interpreted as a 
magmatic arc and a back arc basin, respectively. This system developed in the upper plate of a South-
directed subduction (Faure et al., 2009). The low metamorphic grade Upper Units that develop from 
the southern margin of Limousin to the Albigeois area, North of the Montagne Noire, consist of 
Cambrian-Ordovician sedimentary and volcanic formations.  
 Furthermore, in the northern part of the FMC, the Late Visean "Tufs anthracifères" series 
formed by conglomerates, sandstone, mudstone with coal measures and rhyolitic to dacitic volcanites 
and volcano-sedimentary rocks represent an important time marker, as this series unconformably 
covers the tectono-metamorphic stack of nappes of northern Massif Central whereas, at the same time, 
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in the south, the Fold-and-Thrust belt is still developing. The Variscan magmatism is also well 
developed in the FMC. After an Early Carboniferous event represented by the biotite (± cordierite) 
Guéret massif, the Visean magmatism, represented by "red granites", microgranites, and dykes coeval 
with the "Tufs anthracifères" series, is dominant in the NE Massif Central, in Morvan and Montagne 
Bourbonnaise (e.g. Duthou et al., 1984; Leistel and Gagny, 1984; Binon and Pin, 1989; Pin and 
Duthou, 1990; Pin, 1991). Lastly, Serpukhovian to Baskhirian (or Namurian to Westphalian in the W. 
European stratigraphic scale) plutons, represented by two-mica peraluminous and biotite-K feldspar 
megacrysts monzogranites, are widespread all over the FMC.  
 This stack of nappes was built up throughout several tectonic-metamorphic events. A 
polyorogenic evolution accounts well for the present architecture (e.g. Faure et al., 2009; Fig. 1). In 
this view, a Silurian-Devonian eo-Variscan cycle was responsible for the development of the high 
pressure-medium temperature (D0 event), followed by the crustal melting (D1 event) observed in the 
UGU and LGU. The Variscan orogenic cycle developed during the Latest Devonian (Famennian) and 
Carboniferous. The major tectono-metamorphic event (D2), coeval with a medium pressure-medium 
temperature metamorphism, is characterized by a top-to-the-NW ductile shearing. This D2 event was 
dated at ca 365-360 Ma (Melleton et al., 2009; Do Couto et al., 2015). The next D3 event developed in 
the southern MCF with a clear geographic and chronological evolution. From North-South, the UGU 
and LGU were reactivated, and transported upon the Para-autochthonous Unit, itself emplaced upon 
the Fold-and-Thrust Belt, and then in the foreland basin. The consistent top-to-the-South shearing and 
thrusting became younger and younger from North to South, namely from Early Visean (ca 345 Ma) 
in the Margeride up to Late Visean- Early Serpukhovian (ca 330-325 Ma) in the Montagne Noire. 
 At the scale of the entire Massif Central, the Late Visean period represents a turning point 
since the D3 nappe stacking active in the southern part was coeval with the onset of orogenic extension 
in the northern part of the massif. The emplacement of the Late Visean (ca 330 Ma) dyke swarm 
belonging to the "Tufs Anthracifères" series was controlled by a NW-SE crustal stretching. 
Nevertheless, the main time for crustal extension, as represented by the syntectonic emplacement of 
peraluminous granites and K-feldspar porphyritic monzogranites, took place in Late Serpukhovian to 
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Bashkirian (ca 320-315 Ma; Fig. 1). This tectono-magmatic phase will not be presented here as this 
event post-dates the deposition of the sedimentary rocks in the foreland basin. On the contrary, the 
Tournaisian to Middle Visean magmatism observed in the northern FMC will be presented in the 
discussion section as it might be interpreted as a possible source for the detrital zircons deposited in 
the Late Visean-early Serpukhovian foreland basin.  
 
3. The Montagne Noire 
Since early works (e.g. Gèze, 1949; Arthaud, 1970), the Montagne Noire, in the southernmost 
part of the FMC, is subdivided into a northern flank and a southern flank formed by folded and thrust 
sedimentary formations, separated by a metamorphic, granitic, and migmatitic Axial zone (Fig. 2). 
Due to the low metamorphic grade experienced by the sedimentary series, the southern flank is a well-
known area for Paleozoic biostratigraphy (e.g. Alabouvette et al., 2003). In the following, only a brief 
lithostratigraphic outline is provided here; details can be found in numerous papers (e.g. Engel et al., 
1980-1981; Feist, 1985; Feist and Galtier, 1985; Alvaro and Vizcaïno, 1998; Vizcaïno and Alvaro, 
2001; Poty et al., 2002; Vachard and Aretz, 2004).  
 The Early Ordovician rocks (Fig. 3) conformably overlie Early Cambrian green sandstone, 
grauwacke and limestone. A ca 15-20m thick white massive quartzite covers a 500 to 800 m thick 
alternation of sandstone, siltstone and mudstone of Tremadocian age. These turbidites are interpreted 
as contourites (e.g. Alabouvette et al., 2003) deposited along a passive continental margin during the 
rifting event that separated the Armorica microcontinent from the main part of Gondwana (Matte, 
2001; Faure et al., 2009). In the Montagne Noire, the upper Ordovician and Silurian deposits are 
generally missing, except in the olistoliths known as the "Ecailles de Cabrières" (or Cabrières 
Schuppen, Fig. 2). There, they consist of mudstone, sandstone, black shale and rare limestone. The 
absence of the late Ordovician and Silurian rocks is interpreted as a consequence of the emersion and 
erosion of rift shoulders that followed the early Ordovician rifting (Alabouvette et al., 2003). Under 
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tropical climatic conditions, a Fe-rich laterite developed. The Devonian formations are known only in 
the southern flank of the Montagne Noire. The Early Devonian (Lochkhovian, ca 416-411 Ma), 
deposit unconformably overlies the Early Ordovician sandstone (Fig. 4a). The basal conglomerate 
reworks lithic fragments, laterite, andesites, silcrete, phosphatic clasts, micaschists, volcanic quartz 
grains, and magmatic or metamorphic minerals such as garnet, zircon, monazite, rutile, tourmaline, 
allanite (Feist, 1985; Quémart et al., 1993). Sedimentological studies indicate that this material was 
supplied from a northern source (Feist and Schönlaub, 1973, Feist, 1985, Quémart et al., 1993). The 
sedimentary series continues with iron rich sandstone, oolithic ferruginous sandstone, and dolomite. 
This ca 15 m thick basal sequence is overlain by white massive sandstone with quartz arenite called 
"mur quartzeux" (quartzose wall) reworking abundant zircon, rutile, and tourmaline (Figs 3, 4b).  
The Middle and Upper Devonian rocks consist of shallow water limestone and dolomite. The 
carbonate platform develops widely in the North Gondwana margin in Pyrenees, Mediterranean 
Variscan massifs, (SE Spain, Calabria, Kabylia, Sardinia, Sicily), and farther East in Middle East, up 
to SE Asia. The Late Devonian (Famennian) carbonates are represented by typical red nodular 
limestone known as "griotte facies" (Fig. 3) that denotes a high- energy slope environment indicating 
the onset of the drawning carbonate platform. The Early Carboniferous (Tournaisian) is represented by 
a ca 30 m thick black radiolarian chert (lydite), and a ca 20 m thick succession of siliceous limestone, 
clayed and bioclastic limestone, argillite, breccia and limy turbidite locally known as "calcaire de 
Faugères". The Devonian carbonate platform that progressively subsided during the Tournaisian was 
replaced by silico-clastic sedimentation during the Late Visean. The cm-scale alternations of siltstone 
and sandstone representative of distal turbidite were followed by more proximal deposits characterized 
by 1 to 5 m thick coarse-grained sandstone with intraformational conglomerate, disrupted beds, and 
slumps, Fig. 4c, d, e). Lastly, the chaotic sedimentation gave rise to an olistostrome with m- to km-
sized olistoliths composed by Visean or Devonian limestone, and rare Silurian and Ordovician 
sandstone and lava. The lower part of this turbiditic series yielded late Visean goniatite (Bohm, 1935; 
Engel et al., 1980-81). Early Serpukhovian (Namurian A) plants have been recovered from turbiditic 
mudstone (Feist and Galtier, 1985). More recently, corals, foraminifera, and algae indicating a Late 
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Visean to Early Serpukhovian age for some of the limestone blocks have been documented (Poty et 
al., 2002; Vachard and Aretz, 2004). Thus in the present state of knowledge, a Serpukhovian age (ca 
325 Ma) is inferred for the olistostrome.  
 From the structural point of view, the Montagne Noire is well known for km-scale, south-
verging recumbent folds (Arthaud, 1970). The uppermost recumbent fold, called the Pardailhan nappe, 
consists of an inverted series of Cambrian, Ordovician and Devonian sedimentary rocks tectonically 
overlying another inverted series of Ordovician, Devonian, and Carboniferous series, called the Mt-
Peyroux nappe. This lower recumbent fold tectonically overlies a series of autochthonous and para-
autochthonous tectonic units emplaced within the Late Visean-Serpukhovian foreland basin that can 
be considered as a flexural basin (Fig. 5). Whatever the detail of this complex fold-and-thrust belt, the 
mechanism of which remains poorly understood (e.g. Perrin et al., 2013), there is a general agreement 
to acknowledge both a northern origin of the detritus reworked in the foreland basin, and also a bulk 
southward direction of the tectonic transport responsible for the emplacement of the recumbent folds 
and the formation of the flexural basin. Although the root zone of the recumbent folds is not precisely 
settled, on the basis of stratigraphy and facies correlations, it should be located in the southern part of 
the Montagne Noire north flank, and partly in the northernmost part of the Axial zone (Arthaud, 1970; 
Demange, 1993; Alabouvette et al., 2003). It is worth to note that the Axial Zone does not represent a 
pre-Variscan basement since most of the orthogneiss exposed there are Early Paleozoic granitoids 
(Roger et al., 2004; Faure et al., 2010). Instead, the Axial Zone was involved in the south-directed 
tectonics responsible for the recumbent folds (e.g. Alabouvette et al., 2003; Faure et al., 2014, and 
enclosed references). The metamorphic Axial zone, and the recumbent folds represent the 
infrastructure and suprastructure of the same stack of nappes, respectively (Fig. 5). 
 
4. Sample description 
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In this study, samples for detrital zircon analysis come from two parts of the stratigraphic column 
(Fig 3; Table 1). The basal Devonian (Lochkhovian) black microconglomerate (MO 23, 24) crops out 
in the northern subunit of the upper recumbent fold (Malviès synform). The overlying white quartzite 
was sampled in the lower recumbent fold, near the Lower Landeyran bridge (MO 18); and in La 
Guette, west of Roquebrun (MO 22A).  
 The analyzed black microconglomerate samples (MO 23, 24) consist essentially of 1mm to 
1cm-sized clasts of quartz and subordinate feldspar and lithic elements enclosed in a black matrix (Fig 
6d). The quartz gains exhibit deformation microstructures such as undulose extinction, subgrain 
boundaries, and more rarely dynamic recrystallization with core and mantle structure.  
 The white quartzite (MO 18, MO 22A) is formed by well rounded quartz grains. Heavy 
minerals such as zircon, monazite, rutile, and tourmaline can be sometimes observed under the 
microscope (Fig 6c). 
The Late Visean-Serpukhovian terrigenous rocks belong either to the lower recumbent fold (MO 
17, 13 FR 52) or to the autochthonous foreland basin (MO 15, MO 16, and MO 26). Whatever their 
structural position, the analyzed samples are mature sandstone with mm-sized quartz grains. Detrital 
muscovite is commonly observed (Figs. 6 a, b). 
 
5. LA-ICP-MS zircon U-Pb analytical procedure  
Standard heavy liquid and magnetic separation techniques have been used to separate zircons 
from samples. After handpicking, zircon grains were mounted in epoxy resin and then polished to 
section the crystals for analysis. Before experiments, all zircons were photographed in both 
transmitted and reflected light under a microscope, and cathodoluminescence (CL) images were 
obtained by a CAMECA electron microscope. Based on these photographs, internal structures of 
zircons have been carefully examined.  
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Laser ablation ICP-MS zircon U-Pb analyses were conducted on an Agilent 7500a ICP-MS with 
a 193 nm laser at the MC-ICP-MS laboratory, Institute of Geology and Geophysics, Chinese Academy 
of Sciences in Beijing. U-Th-Pb ratios and absolute abundances were determined relative to the 
standard zircon. Detailed analytical procedures are described by Xie et al. (2008). The spot diameter is 
44 μm or 60 μm in size. Correction of common lead was applied following the method described by 
Andersen (2002). The GLITTER program was used for data processing (van Achterbergh et al., 2001). 
Uncertainties on individual analyses in data tables are reported at a 1σ level. Age diagrams of samples 
plotted using the Isoplot program (Ludwig, 2003). Zircon ages younger than 1000 Ma are based on 
206
Pb/
238
U ratios whereas ages older than 1000 Ma are based on 
207
Pb/
206
Pb ratios. In this study, we 
excluded zircon age analyses with >10% discordance. 
6. Description of the zircon U-Pb analytical results 
All analyzed samples, yield zircon detrital grains with a wide range in size from 50 m to 
200m (Fig. 7). Except several prismatic, most of the grains have a rounded shape with abraded 
crystallographic faces indicating important fluvial transportation. Most of the grains exhibit a zonal 
structure with an inherited core surrounded by recrystallization rims with clear oscillatory zoning. Due 
to analytic constraints on the beam size, only the large grains have been dated.  
6.1. Detrital zircons from the Lower Devonian (Lochkhovian) rocks 
Two samples were collected on the basal Devonian (Lochkhovian) black microconglomerate (Fig. 
6d) situated in the northern subunit of the upper recumbent fold (also called Pardailhan nappe).  
MO 23 
Among the 100 analyses on 100 zircon grains, 4 are discordant (Table 2). Except seven zircon 
grains that yield Th/U ratio lower than 0.1, most analytical results have higher Th/U ratio. Combined 
with the CL images, these features of the zircons indicate a magmatic origin for these grains (Fig. 7). 
Most of the zircon ages cluster between 850 Ma and 436 Ma, with several ages older than 1500 Ma. 
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The diagram shows one pronounced age peak around 450 Ma, and three subordinate peaks around 590 
Ma, 620 Ma, and 750 Ma (Fig. 8). 
MO 24 
Among the 100 analyses conducted on 100 zircons for sample MO24, 98 are concordant within 
uncertainties (Table 2). All zircons have Th/U ratios varying from 0.10 to 2.37 (Table 2). Similarly 
with the MO 23 sample, most of the concordant ages range from 850 Ma to 436 Ma, with two 
dominant peaks at 620 Ma and 450 Ma, and three subordinate peaks around 590 Ma, 620 Ma, and 750 
Ma (Fig. 8). Several grains indicate a Paleoproterozoic source around 2000 Ma (Fig. 8). 
In this work, two samples of Early Devonian white quartzite were collected in the lower 
recumbent fold (or Mt-Peyroux nappe). As these rocks consist of well sorted, nearly pure quartz, 
deposited in a more distal part of the basin than the previous samples (MO23 and MO 24), they will 
allow us to compare detrital zircons in a sedimentary setting different from that of the 
microconglomerate. 
MO 18 
One hundred analyses of 100 zircons were made (Table 2). Among these analyses, 91 are 
concordant within uncertainties. These ages range from 3249 Ma to 234 Ma. Th/U ratios of all zircons 
but two are higher than 0.1. Almost all ages vary from 1000 Ma to 416 Ma, with 6 grains older than 
1800 Ma (Fig. 8). Two major peaks at 630 Ma and 460 Ma, and two subordinate peaks around 970 Ma 
and 750 Ma are identified (Fig. 8). It is worth to note that this sample shows a minor difference with 
the others as five grains (analytical points 25, 51, 65, 68, 72) are younger (such as 234 Ma) than the 
Early Devonian sedimentary age of the rock, and four grains yield ages comprised between 384 Ma 
and 332 Ma (Table 2). The CL images of these abnormal grains reveal that analytical spots involved 
cracks or inclusions, leading to Pb loss and unreliable ages. Thus they have been discarded from the 
age spectra distribution.  
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MO 22A 
In this sample, 100 zircon grains were selected to conduct 100 analyses and obtain 91 concordant 
ages. Zircon ages range from 2748 Ma and 435 Ma with 11 zircons older than 1800 Ma, and Th/U 
ratios vary from 0.04 to 2.90 (Table 2). Except 3 grains, the remaining ones correspond to magmatic 
zircons. The diagram shows one major group at 1000-435 Ma with two age peaks at 457 Ma and 618 
Ma; one subordinate peak around 980 Ma is identified; an unseparated cluster between 795 Ma and 
700 Ma is also fixed (Fig. 8). Ages older than 1000 Ma are concentrated around 1980 Ma. 
6.2. Detrital zircons from the Carboniferous (Late Visean-Serpukhovian) rocks 
Two mature sandstone, with mm-sized quartz grains, were collected on the lower recumbent fold 
(Fig. 6a) 
MO 17 
A total of 100 analyses of 100 grains were undertaken and 2 are discordant (Table 3). Ninety-
eight zircons yield ages ranging from 2879 Ma to 328 Ma, with Th/U ratios from 0.12 to 1.44, except 
3 between 0.02 and 0.06. More than 80% analytical results are situated between 760-330 Ma with four 
major groups of Phanerozoic ages: 350 Ma, 470 Ma, 580 Ma, and 630 Ma (Fig. 9). In this sample, 14 
zircon grains are older than 1500 Ma with a cluster around 2700 Ma. 
13 FR 52 
One hundred analyses of 100 zircon grains have been conducted, and only 3 zircon ages are 
discordant (Table 3). All but one zircon (13FR52-02) show magmatic features with Th/U ratio>0.1. 
The concordant ages range from 2682 Ma to 319 Ma; around 15% analytical result indicated the ages 
more than 1000 Ma with a small peak around 2100 Ma (Fig. 9). In fact, most of concordant ages range 
from 680 Ma and 320 Ma with two dominant peaks at 490 Ma and 350 Ma, and two subordinate peaks 
around 540 Ma and 610 Ma (Fig. 9).  
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Three mature sandstones were analyzed from the autochthonous foreland basin (Fig. 6b). 
MO 15 
In this sample, we analyzed 100 spots of 100 zircon grains, among which 6 ages are discordant 
(Table 3). Except 3 grains, Th/U ratios of all zircons are higher than 0.1. Similar to the 13FR52, 16 
zircons are older than 1500 Ma with a cluster around 2100 Ma. Most zircons yield ages range from 
670 Ma and 320 Ma with three dominant peaks at 542 Ma, 489 Ma, and 340 Ma (Fig. 9). The 
youngest zircon age is 315 Ma. 
MO 16 
Among the 100 analyses on 100 zircon grains, 90 are concordant ages within uncertainties (Table 
3). Two grains yield Th/U ratio lower than 0.1. 67 zircons are grouped between 680 Ma and 330 Ma, 
and a small group at 2150-1800 Ma with two peaks around 1890 Ma and 2140 Ma also exists (Table 3 
and Fig. 9). The diagram shows one conspicuous age peak at 452 Ma, and four subordinate peaks at 
352 Ma, 504 Ma, 571 Ma, and 616 Ma, respectively (Fig. 9). 
MO 26 
One hundred spots on 100 zircons were analyzed, and 89 yield concordant ages within 
uncertainties. Th/U ratios of all zircons but one are higher than 0.1 (Table 3). The concordant ages 
range from 2966 Ma to 325 Ma; nearly 30% of the analytical result indicated ages older than 1000 Ma, 
and a cluster at 2060-1940 Ma with a peak around 2053 Ma. This sample contains the largest number 
of Archean or Proterozoic ages (Table 3 and Fig. 9). In fact, most zircons yield ages <700 Ma with 
two dominant peaks at 496 Ma and 352 Ma, and two subordinate peaks around 559 Ma and 586 Ma 
(Fig. 9). 
 
6.3. Synthetic view of inherited zircons 
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The four Devonian samples yield similar age distribution spectra (Fig. 8). The main peak of 
inherited grains ranges between 460 and 445 Ma (Ordovician) with a peak around 450 Ma (Fig. 10a). 
A secondary maximum appears at 628-551 Ma (Cryogenian-Ediacaran) with a peak around 620 Ma 
(Fig. 10a). Furthermore, several minor secondary peaks represented by a few grains indicate a 
Paleoproterozoic to Neoproterozoic cluster between 2000 Ma (samples MO 18 and MO 24), 1980 Ma 
(sample MO 22A and MO 23), and 750 Ma (Fig. 10a). Finally, single isolated grains yield Neoarchean 
ages (ca 2500 Ma to 3200 Ma) with a small peak around 2700 Ma (sample MO 18; Fig. 10a). It is 
worth to note that eo-Variscan zircon grains, i.e. slightly younger than 415 Ma, are relatively rare. 
This can be explained by the fact that analytic spots focus on zircon core rather than rims.  
The five Late Visean to Early Serpukhovian sandstone samples exhibit comparable detrital zircon 
age distribution patterns whatever their structural position whether in the foreland basin or in the 
recumbent fold (Fig. 11). A significant peak corresponds to Early Carboniferous ages around 352 Ma 
to 340 Ma (Fig. 9) with a maximum around 350 Ma (Fig. 10b). All these 5 samples even have ages as 
young as Visean at 340 Ma. The main peak yields Early Paleozoic ages at 490 to 452 Ma with a 
statistical peak around 485 Ma (Fig. 10b). Three Neoproterozoic peaks around 620 Ma, 580 Ma, and 
560 Ma are also represented. On the contrary, Paleoproterozoic ages cluster around 2000 Ma (Fig. 
10b). Similar with the analytical results of Devonian samples, single isolated grains yield Neoarchean 
ages (ca 2500 Ma to 3200 Ma) with a small statistical peak around 2700 Ma (Fig. 10b). Furthermore, 
Middle Devonian to Silurian ages, i.e. 440 Ma to 380 Ma, are quite rare: 2 grains in sample MO 15, 1 
grain in sample MO 16, 2 grains in sample MO 17, and 3 grains in sample MO 26.  
Whatever their structural position, all the samples show two significant peaks around 350 Ma and 
450 Ma or 480 Ma (Fig. 11). Concerning the Ediacaran ages, the samples (MO 15, MO 16, MO 26) 
from the foreland basin show a peak around 559 Ma that is shifted to 585 Ma in the recumbent fold 
(MO 17, 13 Fr 52, Fig. 11). The Paleoproterozoic to Archean zircons recovered from the foreland 
basin define a significant cluster around 2000 Ma; on the contrary, a small peak around 2700 Ma is 
shown in the population from the recumbent fold. The difference in the Precambrian age results 
suggests that the source that supplied the zircons may have changed slightly from the foreland basin to 
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the recumbent fold. Furthermore, it is worth to note that such Precambrian rocks are presently not 
exposed in the Massif Central. 
 
7. Discussion  
The zircon age distribution spectra displayed by the Early Devonian and Late Visean-
Serpukhovian terrigenous rocks of the Montagne Noire recumbent folds and foreland basin are similar 
(Fig. 11). According to the sedimentological data suggest a northern source, i.e. from the already 
deformed and metamorphosed part of the inner part of the Massif Central. In the following, the 
possible provenance for the pre-Devonian zircons will be discussed together for Devonian and 
Carboniferous rocks. Then the case of the Late Devonian to Early Carboniferous zircons will be 
examined separately. 
7.1. Ordovician ages 
 All the analyzed samples dominantly rework Ordovician zircons ranging between 490 and 445 
Ma with statistical peaks around 450 Ma and 480 Ma (Fig. 10). The Ordovician magmatism is well 
documented in the Variscan belt, where it is interpreted as a consequence of the rifting event that 
separated several continental stripes, such as Armorica, Mid-German Crystalline Rise, and Avalonia 
from the northern part of Gondwana (e.g. Matte, 2001; Martínez Catalán et al., 2004, 2009; Faure et 
al., 2005; Ballèvre et al., 2009). In the French Massif Central, the Ordovician magmatism is mainly 
represented by alkaline porphyritic granite now transformed into augen orthogneiss. These rocks were 
probably still buried when the Early Devonian and Carboniferous detritus were deposited in the 
southern part of the Montagne Noire, however, Ordovician lava and volcanic-sedimentary rocks crop 
out in the Para-autochthonous Unit, Lower Gneiss Unit and Upper Gneiss Unit (e.g. Pin and Marini, 
1993; Alabouvette et al., 2003; Faure et al., 2009). These formations are the most likely potential 
source rocks that supplied the detrital zircons. A small difference appears between the 
microconglomerate (MO 23, 24), and the black sandstone (MO 18 and MO 22A) samples. The older 
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has a zircon peak around 450 Ma, and the younger around 460 Ma (Fig. 8). However, given the error 
bars of the analysis, the difference between these two peaks is not significant. Moreover, the Late 
Visean-Serpukhovian samples exhibit a prominent statistical peak around 480 Ma (Fig. 9 and 10). The 
reasons for these differences might be due to a change in the zircon source between the Devonian and 
the Carboniferous. 
 
7.2. Neoproterozoic-Early Cambrian ages 
 Most of the samples yield Neoproterozoic ages with population peaks at 620 Ma, 590 Ma and 
560 Ma (Figs. 8, 9, and 10), and the early Devonian sedimentary rocks show a smaller peak around 
980 Ma, and 750 Ma (Fig. 10). It is often argued that the magmatic rocks emplaced during the 
Ediacaran Cadomian orogeny (650 - 550 Ma), developed along on the margin of 
the Gondwana continent, and supplied the late Precambrian zircons. Such a possibility cannot be ruled 
out (Fig. 12). However, it is worth to note that in contrast to the Massif Armoricain, in the FMC, 
evidence for an Early Cambrian unconformity supporting a Cadomian orogeny is absent, although 
Neoproterozoic sedimentary and magmatic rocks do exist in the FMC. Indeed, Neoproterozoic-
Cambrian magmatic rocks are recognized in most of the litho-tectonic units of the FMC. For instance, 
Early Cambrian acidic volcanites, known as "porphyroids" crop out in the Cévennes, Albigeois, 
Rouergue, Limousin. Also, ca 560 Ma diorite and quartz diorite plutons intrude the grauwacke series 
belonging to the Lower Gneiss Unit in the Lot series (Fig 1; Pin and Lancelot, 1978), the Cévennes 
Para-autochthonous Unit (Caron, 1994) or the UGU and LGU in the Rouergue area (Lafon, 1986; 
Lévêque, 1990). Thus several source rocks for the Tonian-Cryogenian-Edicaran-Early Cambrian 
detrital zircons can be speculated in the litho-tectonic units exposed north of the Montagne Noire. 
Presently there are no exposures of 980 Ma, 750 Ma and 620 Ma rocks in the FMC. One possibility is 
that these zircons were already present in Cambrian or Ordovician detrital rocks that form the host-
rocks of the magmatic rocks. In such a case, the primary source for the Neoproterozoic-Early 
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Cambrian ages would be located in the Gondwana, more to the South than the MCF, and transported 
to the North by the river drainage network (Fig 12). 
 
7.3. Paleoproterozoic and Neoarchean  
 In spite of absence of outcrop exposing such old rocks in the FMC, Precambrian inherited 
zircons are frequently found, but always with a small number of grains, as xenocrysts, in Early 
Paleozoic magmatic rocks (Cocherie et al., 2005; Lafon, 1986; Alexandrov, 2000; Melleton et al., 
2010). A 2000 Ma age cluster is indicated in all the samples (Figs 8, 9). On the contrary, a small peak 
around 2700 Ma is exhibited in the Late Visean-Serpukhovian samples. Thus, in the Montagne Noire 
terrigenous rocks, these grains were possibly supplied by the erosion of Early Paleozoic magmatic 
rocks or sedimentary formations that already contained different Paleoproterozoic and Neoarchean age 
populations. If those zircons were supplied by the erosion of Neoproterozoic, Cambrian or Ordovician 
magmatic rocks, the Paleoproterozoic and Neoarchean zircon record is an indirect evidence for a 
Paleoproterozoic, and even Archean, basement underneath the Variscan belt.  
 
7.4. Late Devonian to Early Carboniferous 
 The Late Visean-Serpukhovian turbidite yields also Famennian-Tournaisian detrital zircons. 
Metamorphic and magmatic rocks of this age are well known in the Lower Gneiss Unit. Biotite-
garnet-staurolite gneiss are well developed in the Lower Gneiss Unit where they yield monazite U-Th-
Pb ages around 365-350 Ma (Melleton et al., 2009; Do Couto et al., 2015), but metamorphic zircon 
ages have not been measured in these rocks. 355-350 Ma magmatic rocks, well exposed in the NW 
part of the FMC, correspond to the emplacement age of the biotite ± cordierite Guéret granite (Fig 1; 
Cartannaz et al., 2007). These rocks are suitable sources for the Montagne Noire detrital zircons since 
they were already exhumed in Tournaisian-Early Visean, as documented by the fossiliferous sandstone 
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and limestone series that overlies the Guéret massif (Mamet et al., 1970). Furthermore, mafic and 
felsic rocks belonging to the Brévenne ophiolitic series of Eastern Massif Central yielding ca 366±5 
Ma ages are also possible source rocks (Fig. 1; Pin and Paquette, 1998). 
 Lastly, 345 to 335 Ma (Early and Middle Visean) magmatic rocks crop out in the NE part of 
the FMC, namely Montagne Bourbonnaise and Morvan areas (Fig. 1). There, several sedimentary and 
volcanic series dated of Tournaisian, Early and Middle Devonian by foraminifera and corals in 
limestone, and plants debris in terrigenous formations, are covered by the Late Visean "Tufs 
Anthracifères" (Peyrel and Didier, 1983; Duthou et al., 1984; Leistel and Gagny, 1984; Binon and Pin, 
1989; Delfour, 1989; Pin and Duthou, 1990; Pin, 1991; Leloix et al., 1999; Faure et al., 2002; Fig 13). 
The various volcanic rocks, such as rhyolite, dacite, trachyte, and basaltic lava flows, pyroclastites, 
volcanic breccias and grauwackes are potential sources for the detrital zircons recovered in the 
Montagne Noire turbidite.  
 The NE Massif Central and Montagne Noire are presently separated by ca 250 km where 
Tournaisan-Visean rocks are presently lacking. However such a rocks might have been exposed there 
and eroded to supply the material recovered in the Montagne Noire foreland basin. Contemporaneous 
plutonic rocks are also reported in the Montagne Bourbonnaise (Fig. 13), particularly the biotite-K-
feldspar (±hornblende) Bois Noirs and Mayet-de-Montagne massifs dated at 328±6, and 328±4 Ma, 
respectively (Binon and Pin, 1989). Nevertheless, it is not settled yet if plutons contemporaneous to 
these ones were already exposed in Late Visean. 
 Furthermore, the eo-Variscan rocks, either HP/LT metamorphic rocks or HT/LP gneiss and 
migmatites with ages ranging from 440 to 400 Ma, and 385-375 Ma, respectively are rare in the 
sedimentary record, both in Early Devonian and Carboniferous terrigenous rocks. A possible 
interpretation of this phenomenon is that the eo-Variscan deep seated metamorphic rocks were not 
already exposed to the surface in the Devonian or Late Variscan to Early Serpukhovian. Moreover, 
this scarcity may also result of selective sampling of the analyzed grains as large magmatic zircons 
were preferentially chosen instead of the small metamorphic rims. In a future work, detail analyses 
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should be done to investigate the recrystallization rims around zircon in order to reveal the eo-
Variscan magmatic and metamorphic events. 
On the basis on our results, a Visean reconstruction of the paleotopography of the Massif Central, 
showing the possible sources and drainage patterns, is proposed in Fig. 14. Moreover, as discussed 
above, it must not be forgotten that a part of the detrital zircon grains enclosed in the Devonian and 
Carboniferous sandstones may have experienced multiple reworking and recycling, as already 
documented for the magmatic rocks (Alexandrov, 2000; Cocherie et al., 2005; Ducassou et al., 2014; 
Faure et al., 2010; Melleton et al., 2010). Thus, the search for a source to the North of the Massif 
Central is not the only possibility. Particularly, the Proterozoic and Archean grains might have been 
eroded and deposited several times in the Early Paleozoic sedimentary rocks or scavenged by the 
magmas before their final depositions.  
 
8. Conclusion 
This first study of the detrital zircons deposited in the Early Devonian and the Visean-
Serpukhovian detrital rocks of the Montagne Noire area shows that a wide range of detrital zircons 
were supplied from the northern inner part of the Variscan belt of the FMC. The zircon grains from all 
of the samples yielded U-Pb age spectra ranging from Neoarchean to Late Paleozoic with several age 
population peaks at 2700 Ma, 2000 Ma, 980 Ma, 750 Ma, 620 Ma, 590 Ma, 560 Ma, 480 Ma, 450 Ma, 
and 350 Ma. The Precambrian grains recorded more complex itinerary and may be experienced a 
multi-recycling history. The Ordovician magmatism (around 450 Ma) appears as the main component 
of detrital zircons. 
 The subordinate ages of detrital zircons were 352-340 Ma with a statistical peak around 350 
Ma in the Late Visean-Early Serpukhovian turbidite complies with the Tournaisian Guéret type 
granites emplaced at the end of the main Variscan phase, and exhumed in Early Carboniferous. Since 
Tournaisian magmatic rocks crop out only in the northern part of the FMC, this result complies with 
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the previous conclusion inferred from sedimentological studies that the drainage pattern was 
southward directed (Fig. 14). Concerning the provenance of the Early to Middle Visean detritus, a 
northern source is also inferred on the basis of sedimentology. Presently, magmatic rocks of this age 
crop out only in the Montagne Bourbonnaise-Morvan area, ca 250 km to the North of the deposition 
area, suggesting also a south-directed drainage towards the Late Visean-Serpukhovian Variscan 
foreland basin. Nevertheless, a presently eroded, closer source cannot be ruled out. 
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Figure Captions 
Fig. 1. Structural map of the Variscan French Massif Central (modified from Faure et al., 2009). 
Fig. 2. Structural map of the Montagne Noire with location of the dated detrital zircons samples.  
Fig. 3. Lithostratigraphic log of the Paleozoic series cropping out in the Montagne Noire 
(modified from Arthaud, 1970; Alvaro and Vizcaïno, 1998; and Vizcaïno and Alvaro, 2001). 
Fig. 4. Field picture of Devonian quartzite and Carboniferous turbidite. (a). Devonian 
unconformity overlying Early Ordovician sandstone (due to the Carboniferous tectonics, the 
unconformity is upside down); (b). Early Devonian massive white quartzite (Mur quartzeux), sample 
MO 18; (c).Visean-Serpukhovian turbidite with intraformational matrix-supported conglomerate; (d). 
General view of the Visean-Serpukhovian turbidite; (e). Close-up of D showing intraformational 
conglomerate with white quartz, radiolarian chert, and black siltite clasts (sample MO 17). 
Fig. 5. Schematic cross section of Montagne Noire with sample location; italics: Devonian 
sandstone, plain: Visean-Serpukhovian sandstone. (Modified from Faure et al., 2014). 
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Fig. 6. Microscope thin sections representative of dated rocks. Late Visean-Serpukhovian rocks, 
(a). Fine grained sandstone (13FR 52), (b). Coarse grained sandstone (MO 15) with detrital muscovite. 
Early Devonian rocks, (c). White quartzite with detrital zircon (MO 18), (d). Black microconglomerate 
(MO 24). 
Fig. 7. Representative cathodoluminescence (CL) images of selected detrital zircons with a wide 
range in size and morphology. Most of the analyzed grains exhibit an inherited core surrounded by 
several recrystallization rims. The circles represent U-Pb analytical sites; Analytical numbers and ages 
presented below; the scale length is 100 μm.  
Fig. 8. Cumulative probability plots of detrital zircon U-Pb ages in Early Devonian sandstone, see 
Figs 2 and 5, and Table 1 for location. 
Fig. 9. Cumulative probability plots of detrital zircon U-Pb ages in Late Visean-Early 
Serpukhovian sandstone, see Figs 2 and 5, and Table 1 for location. 
Fig. 10 Synthetic and comparison of the cumulative probability plots of detrital zircon U-Pb ages 
from the (a). Early Devonian sandstone, (b). Late Visean-Early Serpukhovian sandstone, and (c). 
Histograms of all the concordant detrital zircon ages obtained in this study. 
Fig. 11. Synthetic cumulative probability plots of detrital zircon U-Pb ages from the 
Carboniferous autochthonous foreland basin and the Carboniferous and Devonian from the recumbent 
folds. 
Fig. 12. Schematic paleogeographic map of the main continents at 550 Ma - 490 Ma showing the 
situation of the French Massif Central (FMC) in the northern margin of Gondwana, and the Avalonia, 
Mid-German Crystalline Rise (MGCR) and Armorica microcontinents separated from Gondwana in 
Early Ordovician. Arrows indicate the possible source areas for the detrital zircons. In the 
Neoproterozoic-Early Cambrian, both northern (from the Cadomian belt), and southern (from the West 
African craton) sources are possible. In Ordovician, due to the rifting, only a southern (i.e. 
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Gondwanian) source was allowed. Note that after the Eovariscan tectonics, responsible for the 
rewelding of Armorica with Gondwana, the northern source was again possible (modified from Matte, 
2001). 
Fig. 13. Schematic geological map and lithostratigraphic logs of Devonian-Visean series 
recognized in NE Massif Central (modified from Leistel and Gagny, 1984; Binon and Pin, 1989; 
Delfour, 1989; Leloix et al., 1999). Ages of Visean plutons are from Binon and Pin (1989) for zircon 
ages, and A. Cocherie (personal communication) for monazite. Zr: zircon, mz: monazite. In the map, 
due to their limited extension, the middle Visean series (V2) have been grouped with the early Visean 
(V1) ones. The late Visean (V3) "Tufs Anthracifères" series unconformably covers all previous series. 
Fig. 14. Schematic topographic reconstruction of the French Massif Central during the Visean 
and the possible sources for the detrital zircons of the Foreland basin. 
 
Table 1. Summary of samples from the foreland basin of the Variscan Southern Massif Central in 
Montagne Noire 
Table 2. Analytical data for the dated Devonian zircons: MO 18, MO 22A, MO 23, MO 24.  
Table 3. Analytical data for the dated Carboniferous zircons: 13 FR 52, MO 15, MO 16, MO 17, 
MO 26. 
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Table 1 Summary of samples from the foreland basin of the Variscan Southern Massif Central in 
Montagne Noire 
     
Stratigraphic Age Sample n° GPS location Petrography Tectonic position 
Serpukhovian MO 15 43° 32' 24.41" Sandstone Autochthonous 
 Cabrerolles 03° 07' 47.30"    
 MO16 43° 31' 55.33" Sandstone Autochthonous 
to Lenthéric 03° 08' 58.50"    
 MO 26 43° 31' 38.54" Sandstone Autochthonous 
 Roquebrun 03° 02' 19.52"   
Visean MO 17 43° 29' 54.72" Microconglomerate Lower recumbent fold 
 Barrac 03° 06' 57.02"  (Mt-Peyroux) 
 13 FR 52  43° 28' 37.18" Sandstone Lower recumbent fold  
 Landeyran 03° 04' 03.63"  (Mt-Peyroux) 
Devonian MO 18 43° 28' 56.58" Quartzite Lower recumbent fold  
 Landeyran 03° 03' 51.42"   (Mt-Peyroux) 
 MO 22A 43° 29' 58.8" Quartzite Lower recumbent fold 
 Roquebrun 03° 02' 56.4"   (Mt-Peyroux) 
 MO 23 43° 32' 31.70" Microconglomerate Upper recumbent fold 
 Malviès 02° 55' 50.03"  (Pardailhan) 
 MO 24 43°32' 43.58" Microconglomerate Upper recumbent fold 
 Fenouillède 02° 56' 24.13"  (Pardailhan) 
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Table 2. Analytical data for the dated Devonian zircons: MO 18, MO 22A, MO 23, MO 24.  
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Table 3. Analytical data for the dated Carboniferous zircons: 13 FR 52, MO 15, MO 16, MO 17, MO 
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Graphical abstract 
 
 
Highlights  
Variscan Southern Massif Central Foreland basin helps to decipher tectonic events 
Early Devonian and Carboniferous detrital zircon provenance is investigated 
11 samples yielded U-Pb age spectra ranging from Neoarchean to Late Paleozoic 
Rifting, volcanic, and plutonic events with a multi-recycling history are suggested 
